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Abstract

p21WAFUCIPUSDIL “ap jnhibitor of cyclin-dependent kinases, is
expressed at varying levels in human adrenal glands re-
moved during surgery or organ recovery. In glands with p21
mRNA, nuclear p21 immunoreactivity, which was occa-
sionally extensive, colocalized with p53 immunoreactivity
and DNA damage, as evidenced by in situ end-labeling.
Many cells showed morphological features of apoptosis
when observed by fluorescent DNA dye staining and elec-
tron microscopy. This pattern was also associated with high
levels of cytoplasmic heat shock protein 70. To address the
question of the origin of p21 expression in some human ad-
renal glands, rat adrenal glands were subjected to 30 min of
ischemia followed by 8 h of reperfusion. Cells with nuclear
p21 and p53 appeared in the adrenal cortex together with
DNA damage detected by in situ end-labeling. Nuclear p21
immunoreactivity was also produced in adrenal tissue frag-
ments incubated at 37°C in vitro. However, in this case, p21
expression was confined to the cut edge of the tissue. In con-
trast, p21 in human adrenal glands, as in ischemic rat
glands, was within the inner regions of the cortex, support-
ing an origin of the protein in vivo rather than postmortem.
The p53/p21 pathway of reaction to cellular injury, poten-
tially leading to apoptosis, may play a role in tissue damage
such as that resulting from ischemia/reperfusion. In the hu-
man adrenal cortex this process may be a precursor of adre-
nal failure. (J. Clin. Invest. 1996. 97:1723-1731.) Key words:
cell death « cyclin-dependent kinases « tumor suppressor
genes » heat shock proteins « immunohistochemistry

Introduction

p21WAFUCIPISDIL 4g an important regulator of the cell cycle
which acts by binding and inhibiting several cyclin-dependent
kinase/cyclin complexes (1-5). It is expressed at high levels in
human fibroblasts when they become senescent in culture (5,
6). Two divergent roles for p21 have been described. In the
first it acts as the central downstream effector of the growth in-
hibitory effect of p53 which has been activated by damage to
DNA or other means (7-11). The block of the cell cycle is hy-
pothesized to allow time for the cell to repair its damaged
DNA before entering S phase (12-14), yet it has also been
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noted that apoptotic cells may express p21 (15, 16). Addition-
ally, high expression of p21 accompanies the cessation of pro-
liferation in some terminally differentiating cell types, both in
experimental cell culture systems and during embryonic devel-
opment in vivo, a role which does not require the participation
of p53 (17).

Previously, we observed elevated expression of p21 in hu-
man and bovine adrenocortical cells as soon as they are disso-
ciated from the intact tissue in preparation for cell culture (18).
Increased p21 mRNA and protein was observed as early as 3 h
after the start of the tissue dissociation procedure, consistent
with the rapid induction of p21 by some DNA-damaging
agents (7). Expression was maintained during plating in cul-
ture and subsequent long-term growth. It appears that tissue
dissociation and placement in culture initiates a form of dam-
age response in this differentiated cell type, even though most
cells are viable and proliferate rapidly after plating. In con-
trast, despite the evident function of p21 as an important inhib-
itor of the cell cycle, the proliferation status of the cells was un-
related to p21 levels. The normal bovine, human, and rat
adrenal cortex did not show p21 expression by mRNA, pro-
tein, or immunohistochemistry (reference 18 and our unpub-
lished observations). Except during tissue regeneration, the
adrenal cortex in vivo is a mitotically quiescent tissue with a
low level of cell renewal (19). p21 in adrenocortical cells in cul-
ture was also unaffected by mitotic quiescence resulting from
the withdrawal of a mitogen, FGF (18).

The role of p21 as a key element in the cascade of events
initiated by DNA damage and other forms of cellular injury
has been elucidated mainly from experiments on cells in cul-
ture. That it likely plays the same protective role in human tis-
sues in vivo is evidenced by its induction in skin, after both ul-
traviolet irradiation, associated with appearance of nuclear
p53 (16, 20), and chemical and mechanical injury (21). Apart
from these instances, the extent to which the reaction to cellu-
lar injury involving the p53-dependent expression of p21 is ac-
tive under conditions in organs in vivo is not yet clear. In these
experiments we show that p53-associated induction of p21 oc-
curs in the adrenal cortex in vivo. This work was initiated as a
continuation of the observation of the rapid increase in p21 in
adrenocortical cells placed in culture. The level of p21 in hu-
man adrenal glands was unexpectedly very variable, some-
times reaching levels similar to those of the cultured cells. By
reproducing the induction of p21 in the rat adrenal cortex by
ischemia/reperfusion, we support the hypothesis that the vari-
able expression in the human adrenal cortex likely results from
this or other forms of cellular injury which have occurred in
vivo before surgical removal of the gland.

Methods

Human adrenal tissues. Human adrenal glands were obtained through
the Cooperative Human Tissue Network and through the courtesy of
Dr. Juan Lechago (Methodist Hospital, Department of Pathology,
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Houston, TX). Glands were obtained either at surgery, usually ne-
phrectomy plus adrenalectomy for removal of a kidney tumor, or dur-
ing recovery of the kidneys from organ donors for potential trans-
plantation. Adrenal glands obtained from nephrectomies were placed
in cold saline for transport to the laboratory. Adrenal glands removed
with kidneys for transplantation had been perfused with cold Univer-
sity of Wisconsin solution (22) before organ recovery and were trans-
ported on ice in the same solution. Pieces of glands were fixed in
paraformaldehyde or processed for preparation of RNA, as described
below, without allowing an increase in temperature of the tissue.

Cell culture. Human and rat adrenocortical cells were cultured
according to previously published procedures (23). Fetal adrenal
glands were obtained from the Central Laboratory for Human Em-
bryology of the University of Washington, Seattle. Cell suspensions
were derived by enzymatic and mechanical dissociation of freshly ob-
tained tissue (3 h of incubation with 1 mg/ml type I-A collagenase and
0.1 mg/ml DNase, both from Sigma Chemical Co., St. Louis, MO).
The standard culture medium used was Dulbecco’s Eagle’s medium/
Ham’s F-12 1:1 with 10% fetal bovine serum, 10% horse serum, and
0.1 ng/ml recombinant basic FGF (Mallinckrodt Specialty Chemicals,
Chesterfield, MO). This was supplemented with 1% vol/vol UltroSer
G (IBF Technics, Savage, MD), a mixture of growth factors, as previ-
ously described (24). Population doubling levels (PDLs)" were calcu-
lated according to reference 25.

Probes and Northern blotting. Human p215P"' ¢cDNA was from
J.R. Smith (5). The homologous mouse cDNA, here used to probe rat
RNA, was kindly supplied by S.J. Elledge (17). Probes for differenti-
ated function genes were generously supplied as follows: human 17a-
hydroxylase (CYP17), E.R. Simpson (26); rat cholesterol side-chain
cleavage enzyme (CYP11A) cDNA, J.S. Richards (27); rat tyrosine
hydroxylase cDNA, K.L. O’Malley (28). The preparation of total
RNA from cultured cells, Northern blotting, and probe labeling were
performed using previously established techniques (29). RNA was
prepared from human and animal adrenal glands by immediate im-
mersion of dissected tissue into cold RNAzol (Biotecx Laboratories,
Houston, TX) followed by freezing in liquid nitrogen for storage. On
thawing, the tissue was homogenized in RNAzol using a Teflon/glass
motor-driven homogenizer, followed by RNA preparation in accor-
dance with the manufacturer’s directions. Blots were reprobed after
washing in 85°C water. An oligonucleotide complementary to human
ribosomal 28S RNA used to test for loading was purchased from On-
cogene Science Inc. (Manhasset, NY) and was labeled with 2P using
polynucleotide kinase.

Immunohistochemistry. Tissues were fixed in 4% paraformalde-
hyde, dehydrated, and embedded in paraffin. 6-pum sections were de-
paraffinized and rehydrated using graded alcohol concentrations. An-
tigen retrieval was performed by incubation in prewarmed 100 mM
sodium citrate, pH 6.0, at 90°C for 15 min. After blocking nonspecific
binding with sheep serum for 30 min, sections were incubated in the
primary antibody for 16 h at 4°C. Human and bovine adrenal gland
sections were probed with the following antibodies: anti-human p21
mouse mAbs EA10 (Oncogene Science Inc.) (16) and 6B6 (Pharmin-
gen, San Diego, CA) both at 1:100 dilution; rabbit polyclonal against
a GST-p21 fusion protein (Oncogene Science Inc.); monoclonal D07
recognizing both wild-type and mutant human p53 (Vector Labs, Inc.,
Burlingame, CA) at 1:30 dilution; monoclonal MIB-1 against Ki-67
antigen (Immunotech Inc., Westbrook, ME) at 1:100 dilution. Rat ad-
renal sections were probed with anti-p21 monoclonal antibody CP36
(30), a gift of E. Harlow, used at 1:10 dilution, and anti-mutant hu-
man p53 (PAb-240; Oncogene Science Inc.), which recognizes wild-
type rat p53 in paraformaldehyde-fixed tissues (31). Staining was

1. Abbreviations used in this paper: CYP11A, gene symbol for choles-
terol side-chain cleavage enzyme; CYP17, gene symbol for steroid
17a-hydroxylase; ISEL, in situ end-labeling; PDL, population dou-
bling level.

1724  Didenko, Wang, Yang, and Hornsby

achieved using an alkaline phosphatase-sheep anti-mouse Fab frag-
ment conjugate (Boehringer Mannheim Corp., Indianapolis, IN) fol-
lowed by incubation with the chromogens 5-bromo-4-chloro-3-
indolyl phosphate and nitro blue tetrazolium using the procedure rec-
ommended by the manufacturer.

Investigation of DNA damage and apoptosis. In situ end-labeling
(ISEL) of 3’ ends of DNA by terminal deoxynucleotidyl transferase
was performed on deparaffinized sections as described (32) with the
use of digoxigenin-dUTP (Boehringer Mannheim Corp.) at 20 pM in-
stead of biotinylated dUTP. Digoxigenin-labeled DNA was detected
with a sheep anti-digoxigenin Fab fragment-alkaline phosphatase
conjugate (Boehringer Mannheim Corp.) and staining as described
above. For visualization of chromatin by DNA-binding dye fluores-
cence, deparaffinized sections were incubated for 60 min in 0.5 pg/ml
4’ 6-diamidino-2-phenyl indole (DAPI) followed by washing and ob-
servation by fluorescence microscopy (33). For ultrastructural studies
of cellular morphology, fragments of tissue were removed from the
paraffin blocks (prepared as described above), deparaffinized, and
processed for electron microscopy by standard methods using postfix-
ation in 1% osmium tetroxide and uranyl acetate staining.

Ischemia/reperfusion in the rat adrenal gland. All procedures were
approved by the Animal Care Committee of Baylor College of Medi-
cine. Fischer 344 or Sprague-Dawley rats (male, 100-150 grams of
body weight) were used with equivalent results. Under anesthesia,
the peritoneal cavity was opened and the left renal artery was ligated
adjacent to the aorta, using 4-0 surgical silk tied around the artery and
a short length of 1-mm polyester tubing. Ischemia was monitored by
loss and gain of color of the affected organs (adrenal gland and kid-
ney). After 30 min the ligation was removed. This time was selected
based on a previous report that 30 min of ischemia followed by reper-
fusion produced small (0.1-0.5-mm) infarcts in the inner rat adrenal
cortex (34). After 8 h animals were killed and tissues were either im-
mediately fixed in paraformaldehyde or placed in RNAzol, as de-
scribed above.
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Figure 1. p21 mRNA levels in the human adrenal cortex. RNA was
prepared from adrenal tissue from donors of the indicated ages (y, years;
m, months). Levels were compared with those in cultured fetal hu-
man adrenocortical cells (HAC). Normalization for RNA loading was
performed by rehybridization with probes for 28S ribosomal RNA or
CYP17 (steroid 17a-hydroxylase).



Results

In preliminary experiments, we examined p21 mRNA levels in
a variety of adrenocortical tissue specimens from donors of dif-
ferent ages. The level of p21 mRNA varied widely (Fig. 1). We
showed previously that fetal adrenocortical tissue, which ini-

Figure 3. Human adre-
nal gland expression of
hsp70; same tissue spec-
imen as in Fig. 2. a
shows intense immu-
noreactivity in the end
portion of the cortex; b
shows that immunore-
activity is confined to
the cortex of the gland
and does not extend to
the medulla.

Figure 2. Patterns of p21 and p53 in a human adrenal
gland. The gland was obtained from an 8-yr-old male
organ donor and was fixed and processed as described
in the text. A Northern blot shows p21 mRNA and
compares the level with that in cultured fetal human
adrenocortical cells (HAC). The upper composite
photomicrographs (original magnification X40) show
immunoreactivity with monoclonal antibodies against
p21 and p53. Below are X100 and X400 magnifica-
tions of portions of the same sections. Additionally,
the reaction product of ISEL of the same specimen is
shown and an area of the gland with several cells
showing Ki-67 immunoreactivity.

tially had only a very low level of p21 mRNA, showed an im-
mediate increase when the cells were dissociated from the tis-
sue and placed in culture (18). RNA from cultured fetal
human adrenocortical cells served as a positive control for p21
mRNA in this experiment. Some tissue samples from postnatal
donors did not express p21 and others had levels that varied up
to the level in cultured fetal adrenal cells. This large range of
expression was observed when RNA loading of the blots was
normalized either with a probe specific for adrenocortical cells
(steroid 17a-hydroxylase, CYP17) or with a 28S ribosomal
RNA probe.

Because some of the p21 mRNA-positive tissue samples
were obtained from older donors, the expression of p21 ini-
tially appeared to be an age-related phenomenon. However,
we were able to obtain a small number of tissue samples from
much younger donors and some of these had high levels of p21
mRNA. One such tissue sample, from an 8-yr-old donor, was
studied by Northern blotting and immunohistochemistry (Fig.
2). In this gland we observed abundant nuclear expression of
p21 in the inner part of the cortex. Most p21-positive adreno-
cortical cells were at the ends of the characteristic cords of cells
of the cortex where they contact the medulla or the alar raphe
(35), the midline linear venous drainage region between two
opposing layers of cortex in the parts of the gland where no
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medulla is present. Some endothelial cells adjacent to adreno-
cortical cells also showed nuclear p21. Occasional positive cells
were noted in the outer cortex, but the medulla was entirely
negative, both in chromaffin cells and other cell types. Identi-
cal patterns were obtained with two different monoclonal anti-
bodies against p21; additionally, a rabbit polyclonal antibody
showed the same pattern but with more nonspecific back-
ground staining.

Because of the known role of p21 as a mediator of the anti-
proliferative effects of p53, we examined the pattern of pS3 ex-
pression in this p21-positive adrenal gland. Using an anti-p53
monoclonal antibody which recognizes both normal and mu-
tant forms of this molecule, we found a pattern of p53 immu-
noreactivity essentially identical to that of p21 (Fig. 2).

The similar patterns of p21 and p53 immunostaining sug-
gested the involvement of DNA damage. DNA damage of var-
ious types has been shown to activate p53 and induce p21 (7,
14, 36, 37); moreover in some circumstances (e.g., in sebaceous
glands) apoptotic cells express p21 (15, 16). Using ISEL, in
which digoxigenin-dUTP is added to free 3' ends of DNA with
terminal deoxynucleotidyl transferase in nuclei in tissue sec-
tions (32), we showed that many cells had damaged DNA (Fig.
2). For the ISEL reaction, we used 4 min of incubation with al-
kaline phosphatase substrate. Longer times of incubation did
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Figure 4. Patterns of p21, p53, hsp70, and ISEL in hu-
man adrenal glands. Glands were obtained from do-
nors of the indicated ages and were fixed and pro-
cessed as described in the text. For the 63-yr-old
donor a Northern blot is shown (top right); an area of

14y p21 immunoreactivity (fop left; original magnification

X200); another area stained for p21, p53, hsp70, and
p53 ISEL (left; original magnification X100). For the 14-
and 56-yr-old donors, which did not show p21 mRNA,
results of antibody staining for p21 and p53 are shown
(right; original magnification X100).

not increase the number of reactive cells but there was a large
increase in the amount of reaction product per cell.

On the other hand, the pattern of proliferating cells de-
tected by the MIB-1 antibody against the Ki-67 proliferation—
specific antigen was completely different; a few Ki-67—positive
cells were scattered in the periphery of the cortex and in a
somewhat higher concentration in a few parts of the midline of
the gland. Most did not appear to be adrenocortical cells. The
greatest accumulation detected, adjacent to a venule in the
center of the gland, is shown in Fig. 2.

Considering possible origins of p21 and p53 immunoreac-
tivity and DNA damage observed here, we hypothesized that
ischemia/reperfusion injury might have been partially respon-
sible. Because heat shock protein 70 (hsp70) has been shown
to be elevated in cells of the heart, central nervous system, and
kidney after ischemic injury (38-40), we examined hsp70 in ad-
renal glands with p21 expression. Fig. 3 shows a high level of
cytoplasmic hsp70 immunoreactivity which extended through-
out the cortex; however, the medulla was not stained.

No adrenal tissue specimens other than that shown in Figs.
2 and 3 showed such extensive immunostaining for p21, p53,
and hsp70, or reaction with ISEL, but other adrenal tissue
specimens which exhibited p21 mRNA also showed groups of
p21-, p53-, hsp70- and ISEL-positive cells (Fig. 4), although
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Figure 5. Ultrastructure of adrenocortical cells in human adrenal glands with p21/p53/ISEL-positive cells. A-C are from a 63-yr-old donor (see
Fig. 4) and D is from an 8-yr-old donor (see Figs. 2 and 3). A shows a cell with normal appearance on the left and a cell with shrunken nucleus
and chromatin condensation on the right. The presence of mitochondria with tubulovesicular cristae identifies both cells as adrenocortical cells.
B-D show individual cells with similar nuclear and mitochondrial morphology. Original magnifications: A, X18,000; B, X25,000; C and D,

X18,000.

this reactivity was in these cases always focal, mostly in areas
which appear to be nodules (41). Such specimens were from
donors of various ages. Other tissue specimens that did not
have significant p21 mRNA also had an absence of p21 immu-
noreactivity and did not show p53 and hsp70 immunoreactivity
or ISEL-detected DNA damage and were from both younger
and older donors (Fig. 4).

We investigated the possibility that ISEL-positive cells in
human adrenal glands were undergoing apoptosis. When frag-
ments of tissue from two glands with p21/p53/ISEL-positive
cells were examined by electron microscopy, many nuclei with

the appearance shown in Fig. 5 were observed. These nuclei
exhibited shrinkage to various extents and showed accumula-
tion of condensed chromatin at the nuclear membrane, an ap-
pearance typical of the early stages of apoptosis (42, 43). Mito-
chondria in these cells were intact and had tubulovesicular
cristae, thus identifying them as adrenocortical cells (44). A
similar nuclear morphology was apparent by fluorescence mi-
croscopy after sections were stained with the DNA-binding
dye DAPI (Fig. 6). Additionally, inspection of sections labeled
with anti-p53, anti-p21 antibodies, and ISEL-positive cells
showed that the most intense nuclear staining in all three cases
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Figure 6. Nuclei with features of apoptotic morphology in human ad-
renal gland; 8-yr-old donor (see Figs. 2 and 3). (¢) DAPI fluores-
cence. On the left, cords of adrenocortical cells are visible with many
showing altered nuclear morphology; at higher magnification on the
right two cells that show chromatin condensation apparently similar
to that seen by electron microscopy in Fig. 5 are indicated by arrows.
(b) p21, p53 immunoreactivity, and ISEL in cells with altered nuclear
morphology. For ISEL, three heavily labeled cells with altered nu-
clear morphology are indicated by black arrows. Three lightly stained
cells with normal nuclear appearance are indicated by white arrows.
Original magnifications: a, X200 and X630; b, X1,000.

was in cells with the same altered nuclear morphology, al-
though some other cells with no or minimal nuclear changes
were also stained (Fig. 6).

The pattern of p53, p21, and hsp70 associated with apop-
totic cells suggested that these tissues had sustained cellular in-
jury in vivo at some time before excision of the gland from the
body. We hypothesized that the initial cellular injury activated
p53, which then increased the transcription of p21 (1) and initi-
ated the process of apoptosis (15). Evidently it was not possi-
ble to test this hypothesis directly in the case of human adrenal
glands. However, we sought to test it in a rat model, using is-
chemia/reperfusion, one of the more likely sources of in vivo
damage to human adrenal glands in surgical patients and or-
gan donors.

First, we evaluated the level of expression of p21 mRNA in
adrenal glands from untreated rats. Mouse p21 cDNA, used as
a probe for rat RNA, hybridized to a 2.3-kb band similar in
size to that reported for mouse, human, and bovine p21
mRNA (1, 2, 5, 18, 45). Fig. 7 shows that both the cortex and
the medulla of the rat adrenal gland express only very low lev-
els of p21 mRNA in vivo, whereas the expression of differenti-
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Figure 7. Northern blot showing p21 expression in rat tissues and in
cultured rat adrenocortical cells (RAC) at different PDLs. Tissues
were obtained from the indicated ages of animals. Inner adrenal
gland refers to a preparation of mixed medulla and cortex. The blot
was probed successively with mouse p21 cDNA, rat CYP11A (choles-
terol side-chain cleavage) cDNA, and rat tyrosine hydroxylase (TH)
cDNA probes.

ated function genes (cholesterol side-chain cleavage [CYP11A]
and tyrosine hydroxylase) was as expected for the two parts of
the gland. p21 mRNA was not detected in several adrenal cor-
tex specimens from both young (1-2-mo-old) and old (15-25-
mo-old) rats, whereas the kidney showed a low but detectable
level, consistent with a previous report in the mouse (45). As
previously shown for human and bovine adrenocortical cells,
rat adrenocortical cells had much higher levels of p21 mRNA
when placed in culture, particularly in cells that were close to
replicative senescence (PDL 17). Rat adrenocortical cells have
a total proliferative potential of ~ 20 population doublings
(24) and reproducibly senesce without spontaneous transfor-
mation. CYP11A mRNA was low in the cultured adrenocorti-
cal cells, which were not exposed to inducers such as cyclic
AMP (24) in this experiment.

In rats subjected to 30 min of adrenal gland ischemia fol-
lowed by 8 h of recovery, p21 was induced in the adrenal
glands as evidenced by Northern blotting and immunohis-
tochemistry (Fig. 8). p21 expression was accompanied by ap-
pearance of nuclear p53, whereas no p53 was detected in con-
trol specimens. Moreover, a large number of cells in the
ischemic gland showed DNA damage by the ISEL method,
but there was no ISEL staining in the sham-operated controls.
In this case, the positive ISEL reaction was observed using a
longer time of incubation with alkaline phosphate substrate



control

Figure 8. Ischemia/reperfusion effects in the rat adrenal gland. Adre-
nal glands were obtained from sham-operated control animals or
from animals subjected to adrenal ischemia and reperfusion as de-
scribed in the text. Tissues were fixed and processed as described.
The upper photomicrographs (original magnification X100) show p21
immunoreactivity and staining by the ISEL procedure. Below are
X400 details of p21 and p53 immunoreactivity in the ischemic gland.
Additionally, a Northern blot showing p21 mRNA levels is shown.

(30 min) than that used for detection in the human gland in
Fig. 2 (4 min). When 4 min of incubation was used, the is-
chemic glands showed a much smaller number of ISEL-posi-
tive cells, similar to the number of p21- and p53-reactive cells.

Although the ischemia/reperfusion experiments indicated
that induction of p21 can occur in the adrenal gland in vivo, we
were also concerned with the possible induction of p21 in hu-
man tissues removed from the body but remaining under con-
ditions where tissue damage and p21 induction in living cells
were still possible. This concern arose because of our previous
finding that enzymatic/mechanical dissociation of bovine
adrenocortical cells from intact cortex is sufficient to induce
p21 mRNA and protein within 3 h (18). To test this possibility,
fragments of bovine adrenocortical tissue were either fixed im-
mediately after removal from the animal, within 20 min of
death, or were incubated at 37°C in culture medium for 16 h.
Tissue fixed immediately after death of the animal did not
have detectable p21 expression by Northern blotting or immu-
nohistochemistry, in confirmation of our previous observa-
tions (18). After incubation for 16 h in vitro a zone of nuclear
p21 immunoreactivity was observed (Fig. 9). However, in this
case, p21 expression was restricted to the surface of the frag-
ments, which presumably had sufficient nutrients and oxygen
for the cells to remain viable, and did not extend to the inner
part of the tissue.

Figure 9. Expression of p21
in bovine adrenocortical
tissue in vitro. Fragments of
bovine adrenocortical tis-
sue were fixed immedi-
ately after death of the ani-
mal (@) or were fixed after
overnight incubation in cul-
ture medium as described
in the text (b). Immunore-
activity with a monoclonal
: J\%‘qz antibody against human

4

p21 (EA10) is shown
s (X100).

Discussion

Expression of the cell cycle inhibitor p21WAFVCIPUSDIL iy hyman
adrenal glands was highly variable. We hypothesize that this
variability results from the different clinical histories of donors
before removal of the glands. The patterns of p21, p53, and
hsp70 immunoreactivity, DNA damage, and apoptosis in hu-
man adrenal glands observed here suggest the occurrence of a
specific pathophysiological process before excision of the
glands from the body and do not appear to result from artifac-
tual postmortem changes. All glands studied here had uninter-
rupted circulation at the time of excision, either during kidney
surgery or at the time of removal of the adrenal and kidney for
potential transplantation. Although we have also observed
varying levels of p21 immunoreactivity in human adrenal
glands obtained at autopsy (our unpublished observations),
these specimens were not included in the present data. The
possibility of postmortem processes must be considered be-
cause we also observed that bovine adrenocortical tissue frag-
ments, initially negative for p21 expression immediately after
death of the animal, express p21 after incubation in vitro at
37°C. Considered together with our previous observation that
p21 is induced in bovine adrenocortical cells by the process of
dissociation from the intact tissue (18), these data demonstrate
the evident potential for postmortem tissue expression of p21.
However, human adrenal tissue specimens show p21-positive
cells within the inner part of the cortex at the venous end of
the capillary bed or within nodular structures, rather than at
the cut surface as observed in the bovine tissue fragments.
Moreover, postmortem induction of p21 in human adrenal
glands would require incubation of the tissue at close to physi-
ological temperature for several hours, a possibility inconsis-
tent with the actual handling of the glands studied. Thus, al-
though we cannot definitively rule out postmortem changes,
the fact that expression of p21 is in highly specific patterns in
the human adrenal gland and the fact that p21 can be induced
in the rat adrenal gland by ischemia/reperfusion without in
vitro incubation strongly suggest that p21 can be induced in the
human adrenal by pathophysiological events in vivo.

p21 is likely to be expressed in human tissues under condi-
tions where damage to DNA or other cellular components
provides a signal for p21 expression, presumably as part of the
mechanism whereby p53, acting as “guardian of the genome,”
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acts to limit tissue damage by allowing time for repair or by
eliminating damaged cells by apoptosis (14, 46-48). The
present experiments add ischemia/reperfusion damage to the
in vivo events that potentially could activate this pathway. Is-
chemia/reperfusion is associated with an early phase of DNA
damage, including oxidative damage products and strand
breaks, and later phases involving both apoptosis and necrosis,
dependent on the severity of the ischemic damage (49-54). Ac-
cumulation of p53 and hsp70 has been observed in some mod-
els of ischemia (52, 55). Presumably, the extent of the damage
determines whether the tissue response comprises only repair
and restoration of normal structure and function or includes
some apoptosis, thereby eliminating damaged cells, or pro-
ceeds to necrosis, associated with functional failure of the tis-
sue and slow repair. The second of these three possibilities
seems likely in the adrenal glands observed here. As evidenced
by the occurrence of cells with apoptotic morphology, the end
point of the damage appears to be cell death, although the pos-
sibility that other cells have repairable DNA damage cannot
be excluded. Although p53-dependent apoptosis has been es-
tablished in many systems (14, 46, 48, 56), a role for p21 in this
process is not clear. It has been suggested that cell cycle arrest
via expression of p21 is an early event in the sequence by
which activation of p53 leads to cell death (57), but mice with a
p21 null mutation have unimpaired p53-dependent apoptosis
(58).

Apoptosis has been described in the rat adrenal cortex
when the tissue is deprived of its trophic hormone, ACTH, ei-
ther by hypophysectomy or by glucocorticoid administration
(42, 59, 60). It is unlikely that the present observations are re-
lated to withdrawal of trophic hormone, because first, surgical
stress causes elevated plasma ACTH (44); second, in the rat,
the tissue reaction observed here was much more rapid than
apoptosis observed after ACTH withdrawal, which reaches a
maximal level after several days (59, 60); and third, p53-depen-
dent apoptosis does not appear to be involved in normal tissue
remodeling and growth, as evidenced by unimpaired develop-
ment and homeostasis of organ growth in p53 null mice (61).

However, the p53- and p21-associated process of reaction
to injury of the adrenal cortex may be related to several previ-
ous experimental and clinical observations on the pathophysi-
ology of the adrenal gland. Restraint stress in rats causes dam-
age to the adrenal cortex and lipofuscin accumulation (62) and
accumulation of hsp70 (63). Damage may also be caused by
bacterial toxins (64), toxic chemicals with adrenolytic proper-
ties (65), anticoagulants, and ill-defined factors during and af-
ter surgery (66). Waterhouse-Friderichsen syndrome, involv-
ing adrenal hemorrhage and adrenal failure, is a severe form of
this damage (44). However, milder forms of this process, not
associated with overt adrenal failure and glucocorticoid defi-
ciency, are increasingly recognized as a consequence of the
more frequent use of MRI and CT scanning (66). The less se-
vere reaction of the adrenal cortex to surgical stress commonly
involves a selective decrease in the production of adrenal an-
drogen precursors (67). These steroids are synthesized by cells
on the venous end of the capillary bed, the zona reticularis,
and so might be particularly susceptible to ischemic injury
(68). The demonstration of p21 and p53 in adrenocortical nod-
ules supports the previous hypothesis that these lesions, which
increase in number with age, result from local vascular abnor-
malities (41, 69). pS3- and p21-associated apoptosis in the ad-
renal cortex may be a mechanism common to several patho-
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physiological processes associated with functional changes in
this tissue over the life span in humans.
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